Arrays of Ta nanorods were grown by glancing angle deposition ͑GLAD͒ onto honeycomb Cr nanodot patterns that were evaporated onto Si substrates through a self-assembled monolayer of SiO 2 nanospheres. Statistical size analyses from arrays of rods with variable average length l and width w, with 210 nmഛ l ഛ 650 nm and 109 nmഛ w ഛ 304 nm, show that the distribution in w broadens with increasing l and decreasing w, but remains approximately constant with a fixed l / w ratio. This is attributed to an intercolumnar growth competition that exacerbates nanorod size fluctuations but scales with rod size. These results suggest that the overall nanostructure shapes during low-temperature GLAD are independent of material-specific length scales and are, therefore, completely controlled by the geometric shadowing. GLAD on flat substrates involves a stochastic nucleation process, yielding films consisting of randomly distributed nanorods. 4, 21 In contrast, periodic arrays are achieved by substrate patterning prior to deposition. [2][3][4][5] [8] [9] [10] [11] In the latter case, the patterned surface mounds are the nucleation sites for the nanostructures, since film growth on the surrounding substrate is suppressed by atomic shadowing, that is, the atoms of the directional deposition flux are captured by the mounds and do not reach the substrate.
Glancing angle deposition ͑GLAD͒, developed by Robbie and Brett, 1 exploits atomic shadowing effects during physical vapor deposition to create nanostructures with a wide range of engineered shapes including nanopillars, [2] [3] [4] [5] zigzags, 6,7 nanospirals, [8] [9] [10] and Y shapes 11 with potential applications as photonic crystals, [8] [9] [10] sensors, 7, 12 catalyst supports, 13, 14 magnetic storage media, [15] [16] [17] [18] and field emitters. 19, 20 GLAD on flat substrates involves a stochastic nucleation process, yielding films consisting of randomly distributed nanorods. 4, 21 In contrast, periodic arrays are achieved by substrate patterning prior to deposition.
2-5, [8] [9] [10] [11] In the latter case, the patterned surface mounds are the nucleation sites for the nanostructures, since film growth on the surrounding substrate is suppressed by atomic shadowing, that is, the atoms of the directional deposition flux are captured by the mounds and do not reach the substrate.
The competitive growth mode during GLAD is caused by the oblique deposition angle that results in strong atomic shadowing and favors the growth of larger nanorods at the expense of smaller ones that die out. The inter-rod competition starts, for the case of deposition on flat substrates, during the nucleation stage, 4 but it is delayed for GLAD on regular surface patterns. 5, 21, 22 Some reports suggest that an increasing pattern period suppresses the growth competition, 21 while an increasing temperature favors it. 23 These trends are likely due to growth interactions between neighboring rods, which are associated with atomic shadowing from surface morphological irregularities, and are expected to increase with decreasing inter-rod spacing. However, no quantitative understanding about the onset for growth competition during GLAD has been developed, yet.
We present in this letter a study on the inter-rod competition, as revealed and quantified by the nanorod size distribution, as a function of rod width w ͑controlled by pattern spacing͒ as well as the rod length l ͑controlled by deposition time͒, of honeycomb arrays of Ta nanorods grown at room temperature. The distribution in w broadens with increasing l and decreasing w, but remains approximately constant with a fixed l / w ratio. This indicates that the intercolumnar growth competition exacerbates nanorod size fluctuations but scales with rod size, so that the overall array morphologies are determined by geometric shadowing and are independent of the surface diffusion length scale.
Prior to Ta deposition by GLAD, the Si͑001͒ substrates were patterned by nanosphere lithography 24, 25 ͑NSL͒ using silica spheres with diameters D = 260, 450, and 700 nm that form hexagonal close-packed arrays by self-assembly from colloidal aqueous suspensions ͑Bangs Laboratories, Inc., 10 wt %͒. 26 The nanosphere monolayers were used as a mask during electron beam evaporation of a nominally 100-nmthick Cr layer. A portion of the Cr deposition flux passes through the quasitriangular spaces between neighboring spheres to form nanodots on the substrates. Subsequently, the silica nanospheres were chemically removed in a roomtemperature 0.5% hydrofluoric acid ͑HF͒ solution, leaving Si surfaces that exhibit honeycomb arrays of Cr nanodots, which have center-to-center distances of 150, 260, and 400 nm, lateral widths of 85, 130, and 250 nm, and heights of 15, 30, and 50 nm, for D = 260, 450, and 700 nm, respectively, as determined by scanning electron microscopy ͑SEM͒.
Ta depositions onto these patterned substrates were performed in a load-locked ultrahigh vacuum dc magnetron sputter deposition system described in detail in Ref. 22 . A 7.5-cm-diameter Ta target ͑99.95% pure͒ was positioned 10 cm from the substrate with the target surface perpendicular to the substrate surface. The polar deposition angle ␣ = 84°was controlled by a collimating plate, which also prevented nondirectional deposition flux from impinging onto the substrate. Ta depositions were done at 3 mTorr ͑0.39 Pa͒ in 99.999% pure Ar. Sputtering was carried out at a constant power of 500 W, yielding a column growth rate of ϳ3.5 nm/ min. The substrates were continuously rotated about the polar axis with 45 rpm, resulting in an overall circular symmetric deposition flux. Microstructures were investigated using a JEOL JSM6335 field emission SEM operated at 5 kV with an emission current of 12 A. rods replicate the honeycomb dot pattern and have average widths of 109 and 256 nm, respectively. The narrower rods in Fig. 1͑a͒ exhibit a broader distribution in width than the wider rods in Fig. 1͑b͒ . This is attributed to a decreasing growth competition with increasing rod interspacing, as discussed and quantified below. The micrographs also indicate a small amount of deposition between the Cr dots, which occurs because their heights of 15 and 50 nm, respectively, are smaller than the required shadowing height h s = D tan͑90°−␣͒, resulting in initial incomplete shadowing. 21 As film growth proceeds, deposition between the nanodots is suppressed since the larger growth rate on the dots increases atomic shadowing. Figure 2͑a͒ is a SEM micrograph of the same Ta nanorods shown in Fig. 1͑a͒ , however, with the sample tilted by 30°to show the rod surface morphologies and to determine their lengths. Some rods are considerably narrower and shorter than their neighbors, in agreement with the large size distribution observed in the plan-view micrograph ͓Fig. 1͑a͔͒, and indicating significant column competition as discussed below. Figure 2͑b͒ shows a corresponding micrograph from Ta rods that were grown using a three times larger deposition time t = 3 h and an approximately three times larger surface pattern created using 700-nm-diameter spheres. The rods are 650± 80 nm long and their width, measured at half-height, is 304± 106 nm. They exhibit surfaces that are much rougher than those in Fig. 2͑a͒ , which is attributed to their larger width and leads, under conditions where the characteristic length scale for adatom motion is kept constant, to the formation of surface mounds, branches, and intracolumnar voids on individual rods. 27 Tilting experiments, comparable to those shown in Fig. 2 , provide values for the nanorod lengths of 225± 30, 230± 40, and 280± 25 nm for t = 1 h depositions onto patterns with D = 260, 450, and 700 nm, respectively. Correcting these values by the increasing pattern-dot heights of 15, 30, and 50 nm, respectively, shows that these Ta rods have a length l = 215± 30 nm that is independent of the pattern spacing. Increasing the deposition time from t = 1 to 2 to 3 h with a constant D = 700 nm yields rod lengths ͑corrected for pattern height͒ of l = 230± 20 to 410± 60 to 650± 80 nm, respectively. That is, the rod length increases slightly slower than linearly with t, which is attributed to a broadening of the rods by ϳ20%, as discussed below. Figure 3 is a plot of the nanorod width distribution from five honeycomb arrays with different pattern sizes and rod lengths. The probability p͑w͒ / dw for rods having a width between w and w + dw was determined using statistical analyses from large-area ͑Ͼ100 rods/image͒ micrographs. Nanorods grown for a constant deposition time t = 1 h onto NSL patterns using D = 260, 450, and 700 nm have average widths ͗w͘ of 109, 163, and 256 nm, respectively, as determined using Gaussian fits shown in Fig. 3 . These ͗w͘ values increase nearly proportionally with the inter-rod spacing, yielding a fixed ͗w͘ / D ratio of 0.39± 0.02. That is, the overall density ͑i.e., porosity͒ of the nanorod array is independent of the pattern size, in agreement with previously reported studies that suggest that the porosity of GLAD layers is controlled by the deposition angle and some intrinsic material properties but is independent of the column diameter, which can change as a function of layer thickness. 4, 28 The size distribution of the width, quantified by the standard deviation from the Gaussian fit, increases from 43 to 55 to 70 nm for ͗w͘ = 109, 163, and 256 nm, respectively. Normalizing with ͗w͘ shows that the width distribution becomes narrower as the inter-rod spacing increases, with / ͗w͘ decreasing from 0.39 to 0.34 to 0.27 with increasing D = 260, 450, and 700 nm, respectively, as also shown in the inset. We attribute the decrease in / ͗w͘ to intercolumnar competition, which is most dominant if the spacing between the growing columns is small. That is, small surface morphological irregularities on one rod can, due to atomic shadowing, affect the growth of a neighboring rod, causing larger rods to grow at the expense of smaller ones, which leads to a large size distribution for closely spaced rods as shown in Fig. 1͑a͒ . The width distributions of the rods on small patterns ͑D = 260 and 450 nm͒ exhibit large tails that do not follow the Gaussian curves but require extra peaks at 170 and 245 nm, respectively, as indicated by the dotted lines in Fig. 3 . That is, a fraction of the nanorods is considerably larger than the average, which is attributed to the most severe case of column competition: Some rods grow at the expense of their neighbors, resulting in a dramatically increased deposition flux of the former that overgrows the latter, which terminates their growth prematurely.
The width distribution for three nanorod arrays grown on the same D = 700 nm pattern for t = 1, 2, and 3 h is also shown in Fig. 3 . Their average width ͗w͘ increases by ϳ20%, from 256 to 286 to 304 nm, for a threefold increase in length from l = 230 to 410 to 650 nm, respectively. In addition, the size distribution in the width increases, as evident from the broadening of the Gaussian curves, from = 70 to 97 to 106 nm, corresponding to / ͗w͘ increasing from 0.27 to 0.34 to 0.35. We attribute the increase in the size distribution with rod length to a competitive columnar growth that develops as deposition continues. Any random surface protrusion on a nanorod causes, due to the strong atomic shadowing conditions during GLAD, an increase in the local growth rate, which, in turn, leads to the exacerbation of surface morphological irregularities. These irregularities cause atomic shadowing interactions between neighboring rods, which therefore grow at unequal rates. The larger rods will continue to capture an overproportional fraction of the deposition flux, which enhances their size advantage and leads to a growth mode where column competition increases with deposition time.
In conclusion, the average width ͗w͘ and length l of GLAD nanorods on honeycomb patterns scale approximately linearly with the pattern size D and the deposition time t, respectively. The width of the width distribution, as quantified by the normalized standard deviation / ͗w͘, decreases with pattern size and increases with deposition time, that is, / ͗w͘ decreases with rod width ͗w͘ but increases with rod length l. However, if the rod aspect ratio l / ͑w͒ is kept constant, the / ͗w͘ value also remains approximately constant, as illustrated when comparing the rods in Fig. 2͑a͒ with the three times longer and three times wider rods in Fig. 2͑b͒ , where / ͗w͘ is nearly the same, 0.39 and 0.35, respectively. The broadening in the size distribution of the nanorods is attributed to a competitive growth mode caused by intercolumnar atomic shadowing that increases with decreasing intercolumnar spacing and with increasing rod length. The observed scaling where / ͗w͘ depends to first order only on l / ͗w͘ suggests that the degree of column competition is completely controlled by ͑scalable͒ geometric effects and is independent of material-dependent length scales associated, for example, with surface diffusion. In contrast, surface diffusion affects the surface morphology of individual rods, as observed when comparing the smooth surfaces of the rods in Fig. 2͑a͒ with the rough voided rods in Fig. 2͑b͒ . 
